The management of postoperative hyperglycemia is controversial and generally does not take into account pre-existing diabetes. We analyzed clinical and economic outcomes associated with postoperative hyperglycemia in cardiac surgery patients, stratifying by diabetes status.
Glycemic abnormalities and diabetes are on the rise globally (1) . According to the most recent statistics, 9.3% of the U.S. population, 29.1 million individuals, live with diabetes, and the level of glycemia in the general public (mean fasting plasma glucose) since 1980 has risen by 2.5 mg/dL per decade in women, and by 3.2 mg/dL per decade in men (1, 2) . Hyperglycemia is common after stressful events, such as myocardial infarction, stroke, and sepsis, or in the postoperative setting, after cardiac surgery (3) . Stress-induced hyperglycemia is a transient phenomenon, distinct from the chronic glucose dysregulation brought about by diabetes (3) . Studies (4-7) have shown that stress hyperglycemia after cardiac surgery, which occurs in patients both with and without diabetes, is associated with a higher risk of complications, including major infections, and increased mortality.
The management of stress hyperglycemia in patients receiving critical care is a matter of great controversy (8) . The rationale of glucose control management rests on the hypothesis that the relationship between hyperglycemia and adverse outcomes is one of causation. Trials assessing the potential benefits of strict glycemic control (target range 80-110 mg/dL) (9-12) have produced conflicting results, with early studies reporting decreased mortality and morbidity, and subsequent studies showing a lack of benefits or even worse outcomes, along with an increased risk of hypoglycemia. These trials included a heterogeneous selection of patients, which may have influenced the response to short-term changes in glucose levels. Given the uncertainty about the effectiveness of different protocols targeting normoglycemia, most medical societies have endorsed a moderate approach to glucose control in perioperative and critical care settings, recommending that patients, regardless of their diabetes status, have their serum glucose levels maintained at ,180 mg/dL (6, 13) . More recently, due the ongoing debate, the Surgical Care Improvement Project, a national program undertaken to improve outcomes in surgery whose measures are publicly reported on the Centers for Medicare and Medicaid hospital website and affect reimbursement, has suspended its recommendation on maintaining postoperative glucose levels at ,180 mg/dL (14) .
An increasing body of evidence shows that the association between stress hyperglycemia and adverse outcomes varies depending on the pre-existence of diabetes (3, (15) (16) (17) . Although diabetes is a heterogeneous disease with a broad spectrum of manifestations and symptom severity (18) , most of the previous studies have analyzed the impact of stress hyperglycemia in diabetes without further stratification by prior treatment. However, prior treatment history and degree of glycemic control may be important effect modifiers (19) . Consideration of these factors would permit the selection of more appropriate glucose targets for specific groups of patients, particularly in intensive care, where complications can be life threatening and costs are the highest. The purpose of this study is to assess the clinical and economic outcomes associated with postoperative hyperglycemia among patients without and with diabetes with different treatment histories who have undergone cardiac surgery.
RESEARCH DESIGN AND METHODS

Study Population
Between February and October 2010, the Cardiothoracic Surgical Trials Network conducted a multicenter prospective cohort study to assess the incidence of hospital-acquired infections. All adult cardiac surgery patients ($18 years old) without pre-existing infection on hospital admission were eligible to participate (N = 5,158) (20) . Of the 10 participating centers (9 American and 1 Canadian), only patients from U.S. centers (n = 4,614) were included in order to avoid the confusion of mixing data from different health care systems with very different reimbursement methods. Billing data for these nine centers were obtained from the University HealthSystem Consortium, an alliance of U.S. academic medical centers with the goal of promoting improvements in the quality, safety, and efficiency of health care. Costs for 4,320 patients (93.6%) were available (21) . The final study population included 4,316 patients in whom glucose was measured within 48 h after surgery. The study protocol was approved by the institutional review boards of each of the participating study centers.
Clinical and Economic Variables
Baseline variables prior to surgery included the following: demographics, anthropometrics, laboratory results, and comorbid conditions. Pre-hospital admission diabetes status was defined by prior therapy with oral antidiabetes medication only, a history of non-insulintreated diabetes mellitus (NITDM), or a history of insulin-treated diabetes mellitus (ITDM). The latter group included patients treated with insulin only or a combination of insulin and oral antidiabetic medications. Hemoglobin A 1c (HbA 1c ) was assessed preoperatively in patients with diabetes. In 83 NITDM patients (15%) and 66 ITDM patients (16%), HbA 1c values were missing. Glomerular filtration rate (GFR) was estimated from serum creatinine using the Chronic Kidney Disease Epidemiology Collaboration equation (22) . Surgical parameters included sternotomy, hospital admission type (elective, urgent, emergent), procedure type (isolated valve, isolated coronary artery bypass graft [CABG] , transplantation or ventricular assist device, CABG with valve, thoracic aortic, other), and surgery duration. The study protocol included blood glucose measurements every 6 h for 48 h after surgery. Based on previous research using maximum blood glucose level as a measure of blood glucose control (23), we used the highest value among these measurements. Hyperglycemia was defined as having at least one measurement .180 mg/dL. To convert glucose values to millimoles per liter, multiply by 0.0555.
Participating centers provided their protocol for managing glucose in the intensive care unit (ICU) after cardiac surgery. The standard protocol of each ICU was then used to approximate the actual treatment that the individual patients of that hospital received. Among the centers, three had guidelines recommending a target range for blood glucose concentration between 80 and 120 mg/mL, whereas the other six centers had a target range between 140 and 180 mg/mL. The protocols were grouped into the following two categories for the analysis: "tight" (80-120 mg/dL) and "nontight" (140-180 mg/mL).
Outcomes related to resource use included hospitalization costs and hospital length of stay (LOS). Clinical outcomes during the hospital stay were defined as death, major infection, cardiac complications, and respiratory complications. We used a composite end point including all these complications. Hospitalization costs were calculated from the billing data using Medicare cost centerspecific cost-to-charge ratios. This method of approximating cost is widely used and provides reasonably accurate estimates of actual costs (24) . Postoperative infections were reviewed and adjudicated by an independent committee of infectious disease experts. Major infections were classified using definitions adapted from the Centers for Disease Control and Prevention/National HealthCare Safety Network (20) . Complications other than infections were identified through ICD-9 codes, and were defined as cardiac complications (code 9971) and respiratory failure (codes 5185, 51881, 51882, 51884, and 7991), with exclusion of those flagged as "present on admission."
Literature Review
Previous studies related to the existence of possible differences between patients with and without diabetes, with respect to outcomes associated with stress hyperglycemia, were searched on PubMed using the terms "critical care," "critically ill," "ICU," "hyperglycemia," and "diabetes mellitus," and English language and human species were used as filters. The search retrieved 653 citations, including 254 review articles. After reviewing titles and abstracts, 209 were considered relevant to the focus of this study. We finally selected 11 articles for a full-text review.
Statistical Analysis
We divided the study population in subgroups of patients with no diabetes, NITDM, and ITDM. Differences in baseline characteristics were assessed using Kruskal-Wallis one-way ANOVA for continuous variables and x 2 tests for categorical variables. The relationship between maximum glucose levels and outcomes was modeled using multivariable generalized linear regression analysis. Models included all baseline variables and interactions between a variable indicating diabetes status (no diabetes, NITDM, and ITDM) and maximum glucose levels when analyzed continuously, or hyperglycemia when analyzed dichotomously. Predictors were selected using costs as outcome and the Akaike information criterion, which calculates the log-likelihood penalized for the number of parameters included. Final regression models included the maximum glucose-diabetes treatment interaction term, age, sex, race (white vs. other), BMI, white blood cell count, GFR, hemoglobin level, ejection fraction, renal insufficiency, lung disease, congestive heart failure, prior cardiac surgery, corticosteroid use, hospital admission type (elective/urgent/emergent), procedure type, surgery duration, thoracic approach, and medical center. Within an analysis restricted to patients with diabetes, we also included HbA 1c values. Missing HbA 1c values were imputed by multiple imputation with a multivariable algorithm including all predictors, costs, hospital LOS, and the composite end point of complications. Nonlinear associations of continuous variables were modeled by restricted cubic spline functions with four knots (25) . For estimating costs, we used a g distribution with a log link function; for hospital LOS, we used a negative binomial distribution with a log link function; and for complications, we used logistic regression.
To demonstrate the adjusted change in each outcome with varying glucose levels, we used the recycled prediction method (26) . In brief, we predicted the outcome of interest in each patient by using the regression equation and varying blood glucose concentrations (between 120 and 300 mg/dL when continuous, and .180 vs. #180 mg/dL when dichotomous) while keeping the other parameters fixed at their observed value. To take into account parameter uncertainty, regression models were refitted in 1,000 bootstrap data sets, and subsequently predictions were made in each bootstrap. After ordering the 1,000 bootstrap estimates, 2.5% and 97.5% quantiles were used for calculating 95% CIs.
To examine how a routine implementation of the recommended threshold ,180 mg/dL would affect our different patient subgroups, we analyzed the expected outcomes above and below this threshold. Differences in the individual complications were adjusted for age, sex, and type of procedure only. In addition, we predicted outcomes for various hypothetical scenarios of postoperative glucose control. Each scenario represented the implementation of a different glucose control threshold ranging from 120 to 300 mg/dL, and assumed the perfect situation in which patients' glucose levels were maintained below this threshold. Per scenario, patients were reassigned a maximum glucose value equal to the threshold when their actual value was higher. At lower thresholds, more patients have a glucose value above the threshold and will be reassigned to the threshold value; whereas, at higher thresholds, more patients will keep their actual glucose value. Finally, we graphically depicted the difference between the expected outcome of each scenario and the originally observed outcome. This difference will tend to zero at higher thresholds, given that more patients will keep their actual glucose levels. Parameter uncertainty was expressed as 95% CIs using 1,000 bootstraps, as described above.
All analyses were performed using R version 3.1.0 (R Foundation for Statistical Computing [http://www.r-project .org/]).
RESULTS
Study Population
The average age in the study population was 65.5 years, and 66% were male. Among patients with diabetes, 43% were ITDM patients. These patients generally had glucose levels that were less well controlled than NITDM patients, as indicated by their HbA 1c levels. Moreover, patients with ITDM had lower renal function, and a higher prevalence of congestive heart failure and chronic lung disease compared with the other patient groups (Table 1) . Hyperglycemia during the first 48 h after surgery was reported in 70% of patients with diabetes and 36% of patients without diabetes. Hyperglycemia was less frequent in hospitals with a tight glucose control protocol compared with hospitals with nontight glucose control. Hypoglycemia, conversely, was more frequent in hospitals with tight glucose control, particularly in ITDM patients (Table 1) . These results were confirmed in multivariable analyses, where the presence of a tight glucose control standard protocol in the hospital ICU increased the likelihood of the development of hypoglycemia in ITDM patients compared with a nontight protocol (odds ratio of hypoglycemia in ITDM patients = 2.39 [95% CI 1.64 to 3.48]).
Outcomes by Diabetes Status
ITDM patients had, on average, higher cost and longer hospital LOS than patients with no diabetes or NITDM. There were 29 (0.9%), 5 (0.9%), and 7 (1.7%) in-hospital deaths, respectively, among patients with no diabetes, NITDM, and ITDM. Furthermore, there were remarkable differences in the relationship of increasing glucose levels with resource use and clinical outcomes among patients with no diabetes, NITDM, and ITDM (Fig. 1) . In patients without diabetes, the cost of hospitalization, hospital LOS, and the Continuous variables are reported as the median (interquartile range), and categorical variables as n (proportion). The x 2 test was performed for comparing categorical variables, and Kruskal-Wallis one-way ANOVA was performed for comparing continuous variables. DM, diabetes mellitus; NA, not applicable; VAD, ventricular assist device implantation or explantation; WBC, white blood cell. *The standard protocol of the ICU had a blood glucose target range within 140-180 mg/dL (n = 2,816). **The standard protocol of the ICU had a blood glucose target range within 80-120 mg/dL (n = 1,500).
risk of complications increased with increasing glucose levels. In NITDM patients, cost, hospital LOS, and risk of complications peaked at ;220 mg/dL, and slightly decreased with further glycemic increases. In contrast, in ITDM patients, cost, hospital LOS, and the risk of complications during the hospital stay were highest at glucose concentrations ,180 mg/dL, and decreased with increasing glucose values, reaching a minimum between 180 and 240 mg/dL. Persistent hyperglycemia, which was defined as two or more measurements .180 mg/mL, occurred in 12.3% of patients without diabetes and 45.9% of patients with diabetes. In ITDM patients, an increase in the number of hyperglycemic measurements was associated with reduced cost, number of complications, and hospital LOS, compared with patients with no hyperglycemia. Conversely, in patients with no diabetes and patients with NITDM, such an increase correlated with higher cost, more complications, and prolonged hospital LOS ( Supplementary  Fig. 1 ).
HbA 1c was significantly higher in ITDM patients than in NITDM patients (7.5 vs. 6.7% [58 vs. 50 mmol/mol]) on average (Table 1 ). In patients with diabetes, outcomes improved with increasing HbA 1c values. However, these improvements were not statistically significant in the multivariable complete case analysis. Relative changes were 0.91 (95% CI 0.80 to 1.04) for the odds of complications, 0.98 (95% CI 0.95 to 1.00) for hospital LOS, and 0.98 (95% CI 0.95 to 1.00) for total costs. Estimates based on multiple imputation were not different from those based on complete case analysis.
Among patients without diabetes, the cost of those with hyperglycemia was, on average, nearly $10,000 higher than the cost of those without hyperglycemia; whereas, among ITDM patients, the cost of those patients with hyperglycemia was on average approximately $15,000 lower ( Table 2 ). The change in cost for patients with NITDM was more modest and not significant. After adjustment for baseline and procedure variables, the change in cost with hyperglycemia was approximately an extra $3,000 in patients without diabetes and a decrease of $6,000 in patients with ITDM. In patients with NITDM, the change in cost with hyperglycemia was positive but not significant. Adjusted changes in hospital LOS associated with hyperglycemia followed a pattern similar to that of cost, with 0.8 additional days (95% CI 0.4 to 1.3) in patients without diabetes, and a decrease of 1.6 days (95% CI 23.7 to 0.4) in ITDM patients, although the latter did not reach statistical significance.
In patients without diabetes, after adjustment, hyperglycemia was associated with a 1.6% (95% CI 0.5 to 2.8) increased risk of major infections, a 2.6% (95% CI 0.0 to 5.3) increased risk of respiratory complications, and a trend toward increased cardiac complications (Table 2) . In NITDM patients, the risk of such complications associated with hyperglycemia increased as well, but without reaching statistical significance. Conversely, in patients with ITDM, hyperglycemia was associated with a reduced risk of adverse outcomes, particularly with respect to respiratory complications (212.5% [95% CI 222.4 to 23.0]) and major infections (24.1% [95% CI 29.1 to 0.0]).
Impact of Glucose Thresholds
In the analysis of hypothetical scenarios of different glucose thresholds, the outcomes after cardiac surgery predicted in patients without diabetes and patients with NTIDM would improve with lowering postoperative glucose values. The expected benefits comprised an approximate $2,000 cost reduction and a 5-15% reduction in complications. In contrast, in patients with ITDM, thresholds ,180 mg/dL would be harmful, although in this range outcomes were uncertain (Fig. 2) .
CONCLUSIONS
In this study, we demonstrated a significant association of postoperative stress hyperglycemia with economic and clinical outcomes, which varies with the presence of diabetes and its treatment. In patients with diabetes treated with insulin, glucose levels below the generally recommended threshold of 180 mg/dL were associated with an increase in costs, hospital LOS, and complications. Conversely, in patients without and with diabetes not treated with insulin, adverse outcomes were decreased or unchanged. In these patient groups, the association between glucose levels and outcomes was characterized by a dose-response relationship with increasing complication rates at higher glucose levels. The results of this study suggest that targeting a glucose range below the threshold of 180 mg/dL, an approach in line with current guidelines, may be harmful in patients with diabetes treated with insulin.
There are several possible explanations for a differential response among patients with and without ITDM. First, metabolic homeostasis is altered in the cells of patients with diabetes, particularly in ITDM patients (27) . The appropriate concentration of glucose for survival under stress-related conditions may be much higher in patients with ITDM to provide energy for wound repair and to recover from major physiological insults (28) . The long-term exposure to higher blood glucose levels could result in the downregulation of glucose transporters limiting the influx of glucose across the cellular membrane (29) .
Independent of glucose level, higher HbA 1c levels decreased the likelihood of complications in patients with diabetes, as assessed with our composite end point. Although it has been shown that higher HbA 1c values may decrease the risk of atrial fibrillation (30) and mortality in patients with acute hyperglycemia (31), we found only a nonsignificant trend for decreasing the risk of complications. The protective effect mentioned above and a decreased risk of hypoglycemic events could be an explanation for this phenomenon.
There is accumulating evidence that patients without a previous diagnosis of diabetes face a worse prognosis than patients with diabetes when stress hyperglycemia occurs (15, 32) . In a large retrospective analysis (33), the association between mortality risk and hyperglycemia in critically ill patients without diabetes was significantly stronger than in patients with diabetes. More recently, an increased risk of postoperative adverse events, such as myocardial infarction, stroke, transient ischemic attack, infectious complication, and renal insufficiency, was linked to hyperglycemia in patients without diabetes, but not in patients with diabetes (34) . In contrast with our findings, we found earlier reports (6, 35, 36) showing that lower glucose levels in patients with diabetes were linked to lower mortality and lower infection rates. However, the mode of insulin delivery in these earlier studies may not be directly comparable to the current glucose management practice. Moreover, in these studies, previous treatment of diabetes was not considered, and results could have been driven by a majority of patients not previously being treated with an insulin regimen. Randomized trials comparing intensive insulin therapy to more moderate approaches have reported mixed results (37) . Such persisting discrepancies in the effects of intensive insulin therapy likely result from the high variability existing across centers in the multiple components of DM, diabetes mellitus. *Adjusted for age, sex, race, BMI, white blood cell count, GFR, hemoglobin, history of heart failure, renal insufficiency, ejection fraction, prior cardiac surgery, history of lung disease, corticosteroids, surgery time, sternotomy performed yes/no, surgery type, procedure, and study site. **Adjusted for age, sex, and procedure.
glucose control (i.e., monitoring, feeding, and glucose targets) and the changes in standard practice that have occurred over time. These historic changes have modified the difference in insulin protocol between the intensive treatment and the control group in randomized clinical trials. However, in randomized controlled trials that did report a survival benefit from tight glycemic control, patients with diabetes have been the exception, demonstrating no benefit from the intervention (10,38). Our data expand this body of evidence in two crucial aspects. By considering the type of prior diabetes treatment, we show that the association between glycemic control and outcomes is different for those patients with a history of insulin therapy compared with patients without diabetes and patients with NITDM, after adjustment for baseline clinical variables. In addition, we report the economic burden associated with stress hyperglycemia for patients with and without diabetes. However, our analysis was based on an earlier, observational study (20) whose original aim was to evaluate the incidence of hospital-acquired infections after cardiac surgery, and therefore a number of limitations need to be mentioned. First, HbA 1c level was not assessed in all patients. Consequently, patients with undiagnosed diabetes may have been misclassified as not having diabetes, and for these patients diabetes control before hospital admission could not be assessed. Studies (39) have reported a 10% rate of latent diabetes in ICU patients with hyperglycemia. However, such misclassification, if present, would not affect the findings related to the group of patients with diabetes. Second, insulin usage and parenteral nutrition protocols differed among centers, and data on adherence to these protocols were not collected. Therefore, we could not include this information in our analysis. On the other hand, we adjusted for the standard insulin protocol used in the ICUs of the study centers, which reflects to some extent the differences in glucose management among different ICUs. Third, the glucose measurements data, which were only collected during the 48 h after surgery (at 6-h intervals), likely did not capture all the measurements that were performed in the ICU after the surgery. However, such a limited sampling is unlikely to have biased the results differentially for patients with no diabetes, NITDM, and ITDM. Fourth, we used ICD-9 codes to define complications other than infection, which did not allow us to evaluate the sequence of events that occurred, limiting conclusions about causal pathways. Nevertheless, the consistency in the associations of glucose across economic and clinical outcomes further supports our conclusions. Although we adjusted for a broad range of demographic characteristics and illness-related confounders, residual confounding may still have biased our findings to some extent. As is the case for observational studies, our observations only support an association between postoperative glucose levels and clinical outcomes, and not a causal relationship. Likewise, we cannot infer from our results whether previous insulin therapy has a causative role or is merely a marker of severity of illness associated with differential outcomes.
The pandemic of diabetes calls for improved management of hyperglycemia, both outside and inside the hospital. Roughly 20% of cardiac surgery patients have pre-existing diabetes, with a large proportion having more advanced disease requiring insulin therapy. More than 60% of these patients have at least one blood glucose measurement .180 mg/dL, the glycemic threshold recommended by current clinical guidelines (6, 40) . In the context of findings by others, our results support conducting a randomized controlled trial to evaluate a stratified approach to glucose control based on diabetes history and prior use of insulin.
In summary, our findings suggest that current recommendations, which use a single maximum glucose threshold for the control of stress hyperglycemia after cardiac surgery, may not achieve the intended benefits in all patient subgroups. Such a blanket approach could instead be harmful to patients with more advanced diabetes. Given the substantial clinical and economic benefits that may be attained, patient stratification with indicators of chronic glucose dysregulation should be investigated.
